INTRODUCTION
Interest in nitrided silicon dioxide as the gate dielectric in MOS structures has increased because this material promises greater reliability in stressing environments [1-4]. Recently, the radiation hardness of reoxidized nitrided oxides has been shown to be superior to that of thin oxides [5] [6] [7] . In this report we present the results of total-dose testing of thin nitrided oxides that have been nitridized at temperatures of 950, 1050, 1100, and 1150"C for nitridation times of 45 to 300 sec. The radiation response of these nitrided oxides is compared to that of an unnitridized, radiation hard, control oxide. Various nitridized oxides were reoxidized for 30 sec at 1150"C and total-dose irradiated. These results are compared to those of the nonirradiated control and nitrided oxides.
lb aid in the analysis of these results, the radiation-induced charge-trapping model of Krantz et al. [8] has been extended to include electron trapping and applied to the experimental data to simulate the results. Parameters derived from the simulation are used to interpret qualitatively trends in the data in terms of electron and hole trap distributions.
The data will show that oxides nitridized at 9500C, whether reoxidized or not, accumulated substantially more fixed charge than either the control oxides or any of the other nitridized oxides. Samples nitrided at 1100 or 1150"C, reoxidized or not, will be shown to exhbit a radiation response similar to that of the control oxides. On average, the reoxidation of oxides nitrided at 1050"C will be shown to accumulate less fixed charge than did the controls.
The analysis will indicate that (1) the nitridation of oxides creates hole traps as well as electron traps, (2) the location of hole and electron traps depends on nitridation time, and (3) the concentration (and location) of hole and electron traps depends on whether or not nitridized oxides are reoxidized.
In Section II the experimental details and the measurement results are given and discussed. In Section I a summary of the trapping model of Krantz et al. [81, relevant to the experimental conditions, is given, the model is extended to include electron trapping, and the details of the data simulation are described. In Section IV the experimental results are discussed in light of the model and simulation results. We conclude by summarizing our findings in Section V. 
II. EXPERIMENTAL DETAILS/RESULTS
Capacitors were fabricated using a low temperature, radiation-hardened gate oxide process.
The starting substrates were n-type, 0.6 ohm-cm (1 x 1016 cm -3 doping density) material. The oxide thickness was 150 A. The oxides were nitrided for times from 45 to 300 sec at temperatures ranging between 950 and 1150"C. For reoxidized samples, reoxidation was done from 1000"C to 1150"C and for times from 30 to 120 sec. The gate electrodes were formed from 3000-A POCI3-doped polysilicon with an evaporated 3000-A Ti layer and a 3000-A AI layer. The capacitors were defined by means of a dry-etch lithographic step.
Pre-and post-irradiation midgap voltages were determined from high-frequency (1 MHz) C-V measurements. Irradiations were performed in a 10-keV x-ray test system at a dose rate of 250 krad(Si)/min. Capacitors were biased at -5, 0, and + 5 V during irradiations The C-V measurements were performed in situ. The maximum dose delivered was 5 Mrad(Si). Figure 4 shows the radiation response for samples nitrided at 1150"C for 300 sec. The positive-and negative-bias results are almost indistinguishable from the negative-bias result for the sample nitrided for 150 sec. This result is consistent with a simultaneous increase in the first moments of the neutral hole and electron trap distributiom
The radiation response of samples nitrided at 1050"C for 120 sec and reoxidized at 1100"C for 30 sec (see Figure 5) is much improved over that of the control oxide (97 mV full scale versus 208 mV full scale). This result can be explained by a decrease in the concentration of hole traps in the dielectric as a result of reoxidation. Note that the zero-bias radiation response is also reduced in these samples, which is consistent with this explanation.
Altogether, some 39 nitrided oxide samples, 15 of which were reoxidized, were irradiated along with 6 oxide control samples. The role of nitridation temperature is summarized in Figure 6 , which shows the maximum radiation-induced effective fixed charge versus nitridation temperature for all samples. Note that the vertical scale is logarithmic. Nitrided axides processed at 1050"C are better (have less effective fixed charge) on average than those processed at any of the other temperatures and are better on average than the control oxides for all biases.
Furthermore, the reoxidation of films nitrided at 1150"C showed only marginal improvement in radiation response compared to the nonreoxidized samples, and the reoxidation of oxides nitrided at 1100"C degrades the radiation response slightly. A very large degradation in radiation response is seen in reoxidized films that were nitrided at 950"C. 9 nlt ided at 1050"C show a substantial decrease, by a factor of 2, in radiation response compared to the control samples and by far exhibit the best radiation response of the nitrided/reoxidized samples.
In the neat section, the charge trapping model of Krantz et al. [8] is summarized and extended to charge trapping in nitrided oxide films. To aid in the analysis of the measurements cited above, a simulation based on the extended theory is developed. In Section IV the simulation results are discussed.
IlL THEORY EXTENSION/SIMUIATION

A. THEORY SUMMARY
It is convenient to begin by considering the continuity equation for trapped holes: (Note that the field dependence of the capture cross sections has been suppressed for convenience.)
The first term on the right-hand side of Eq. (2) is due to diffusion. The second term on the right-hand side is the field dominated term (the negative sign denotes a positive electric field and the positive sign denotes a negative electric field). The third term is the radiationinduced source term. The last term describes the loss of carriers as a result of trapping at unoccupied hole traps.
The measurements cited in the previous section were done under steady-state and high electric-field conditions. Irradiations were performed for tens of seconds or longer. As transit times for electrons and holes across oxides less than M90 A thick are on the order of fractions of picoseconds and fractions of microseconds, respectively, the steady-state assumption is reasonable.
At high electric fields the second term of Eq. (2) dominates the diffusion term throughout the bulk of the dielectric. For example, the diffusion term is comparable to the field term only within a distance much less than (kT/q)/E from the boundaries, where the mobile-hole density approaches zero. At 0.1 MV/cm and room temperature, diffusion dominates at distances much less than 30 A from the boundaries. Because tunneling of charge out of the dielectric depletes trapped charge tens of angstroms into the dielectric, the details of the valence-band hole distribution in this region may be ignored for fields of the order of 0.1 MV/cm.
For example, for the positive-bias measurements (strong accumulation) a + 5-V bias dropped across a 150-A dielectric layer yields an average field of + 333 V/cm. Negative bias (strong inversion; after a 0.7-V drop across the silicon depletion layer is accounted for, yields an average field of -2.88 MV/cm. Even at zero gate bias, a typical flat-band voltage of -0.18 V yields an average field of + 0.12 MV/cm across the dielectric. Therefore, the diffusion term in Eq. (2) may be ignored.
Equation (2) may be simplified further by considering that the magnitude of the trapping term, the last term on the right-hand side of this equation, is a maximum when jp(X) is equal to No Dbto= and PTx) is equal to zero. The maximum possible error introduced by neglecting the trapping of valence-band holes (large carrier sweep-out) is equal to P(x) ad tox and occurs only near the boundaries.
The capture cross section, 0 d, is on the order of 10 -10 cm 2 (or less) and teX is about 150 A..
P(x) may be estimated from the data cited in the previous section. The measured effective fixed-charge densities at large doses saturate at values typically near 3.0 x 1011 cm -2 which yields an average concentration for a 150-A film of 2.0 x 1017 cm -3 . If we assume that at saturation most of the neutral hole traps are filled, 2.0 x 1017 cm -3 is a reasonable estimate of P(x). With these values the maximum possible error introduced by ignoring the trapping term is 3.0 x 10-3 . Therefore, the trapping term can be neglected.
Under these conditions, Eq. (2) can be solved to yield
where Jo depends on the boundary conditions. For positive gate bias (plus sign) the hole flux is assumed to be zero at the gate (x = 0.0) and Jo is zero. For negative gate bias (minus sign) the hole flux is assumed to be zero at the dielectric/silicon interface (x = tc.) and Jo is equal to no Dtax.
The continuity equation for the conduction-band electrons may be similarly solved to yieid the electron flux for positive and negative electric fields, respectively:
The substitution, of Eqs. (3) and (4) into Eq. (2) allows for a solution, assuming there is a constant dose rate D and no trapped holes are present at t = 0.0. The solution, after some manipulation, for the dose-dependent trapped-hole distribution under positive bias is given by
where
Wp+(X) -ad jp+(X)/[d jp+(X) + cc jp+(x) + g(x,E)] (Sb)
and
+Dp+(x) = DI[ad jp+(x) + acjn+(X) + g9(,E) (5c)
and the quantity Dt has been replaced by the total dose D. A similar expression results for the negative-bias case.
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The effective fixed charge, as defined in the previous section, is the first moment of the charge distribution averaged over the thickness of the dielectric layer. Under positive bias, the effective fixed charge is
Peff+(D) -(1/tog) J x PT+(X,D)dx (6)
A similar expression results for the case of negative bias.
B. THEORY EXTENSION
We assume that electron traps, presumably at nitrogen sites in nitrided oxides, can be described as neutral (dipole-induced) traps, that trapped electrons act as couloinbic hole traps. and that the tunneling of electrons out of the dielectric can be described by a WKB tunneling rate. Therefore, the trapped-electron continuity equation is analogous to Eq. (1) for trapped holes.
The continuity equations for valence-band holes and conduction-band electrons are similar to Eq. (2) . Under steady-state and high electric fields (including the large sweep-out of carriers), Eqs. 
where, for convenience, the tunneling rate for electrons out of the dielectric is assumed to be equal to the tunneling rate for holes. In this case N(x) is the neutral electron trap concentration. All other quantities are defined as before. A similar expression is obtained for negative bias. This leads to an expression similar to Eq. (6) for the effective electron fixed charge (positive bias):
When both neutral hole and electron traps are present, as is postulated for nitrided oxides, the net effective fixed charge (for positive bias), P+, is the difference between Eqs. 
C. DATA SIMULATION
Although it has been shown that neutral hole traps are due to oxygen vacancies and that electron trapping probably occurs at nitrogen sites in nitrided oxides, the details of the neutral hole-trap and neutral electron-trap distributions are unknown. Therefore, we have assumed that these distributions can be simulated by separate delta-function distributions of the form
where NHO is the magnitude (in cm-2 ) of the delta-function neutral hole-trap distribution and XHO is the location in the dielectric of this distribution, Similarly, NEO and XEO are the magnitude and location, respectively, of the delta-function neutral electron-trap distribution.
Although this is a rather severe assumption, without knowledge of the neutral hole-trap or electron-trap distributions we are forced to use stylized trap distributions to simulate the data. We have tried, with little success, to simulate these data with constant neutral trap distributions. This approach fails because the assumption of a constant distribution fixes the position of the first moment of the distribution at the midpoint of the dielectric. This turns out to be more restrictive than assuming a delta-function distribution that allows for both the magnitude and the position of the distribution to be used to fit the data.
It will be shown below that the delta-function distributions simulate the data reasonably well and that the comparison of the fitting parameters defined in Eqs. (10a) and (10b) can be used to describe qualitatively the changes in the neutral trap distributions with processing (i.e., with nitridation and reoxidation). 
where Wp+(x), Wn+(x), Dp+(x), and Dn+(x) are defined as before. A similar expression is obtained for the negative-bias case. (and the negative-bias equivalent) allows for this more complicated dependence.
In the next section the qualitative features of these simulations will be compared and discussed in light of the data shown in Figures 1 through 6 . All values of the model parameters are equivalent to those used previously by Krantz et al.
[81. The field dependence of the capture cross sections has been incorporated and the average electric field internal to the dielectric has been corrected for the presence of trapped charge.
IV. DISCUSSION   Figures 7 through 11 show the simulations for the control oxide of Figure 1 and the nitrided oxides of Figures 2 through 5 . Figure 7 shows the simulation for the control sample. No electron trapping is included in this simulation (i.e., NEo = 0.0). The positive-bias response is larger than the negative-bias response over the whole range of total dose. This corresponds to the data shown in Figure 1 A slightly different dose dependence is seen for the positive and negative biases (i.e., the negative-bias response saturates at a slightly lower dose). This difference is due to the effect of the field on the capture cross sections. At + 5 V the field across the oxide is 333 MV/cm, whereas at -5 V the field is -2.88 MV/cm, as a result of a voltage drop of about 0.7 V in the silicon depletion layer. At these fields the coulombic electron-capture cross sections are relatively constant. The neutral dipole hole-capture cross sections are several percent smaller at the larger field. This causes the positive-bias response to saturate at a slightly lower dose than the negative-bias response.
The zero-bias results are lower than either the positive-bias or negative-bias results, as a result of geminate recombination. The relatively small electric field in the dielectric at zero bias, about + 0.12 MV/cm, separates only some 30% of the radiation-generated charge. The rest of the charges recombine before separation and trapping can occur.
In Figure 8 the simulation for the oxide nitridized at 1150C for 60 sec is shown. The parameters used to simulate these data are shown in the figure. The position of the neutral hole-trap distribution, XHO, has been held constant. The addition of electron trapping causes the negative-bias radiation response to exceed the positive-bias results. To simulate these responses, a neutral electron-trap delta-function distribution near the gate is necessary. Under positive bias, substantial electron trapping occurs near the gate, a result of the relatively large concentration of electrons available for trapping. Under negative bias, little electron trapping occurs because the concentration of electrons in the conduction band available for trapping is small at XEO. Therefore, the negative-bias radiation response is larger because there is not enough electron trapping to mitigate the effects of hole trapping. The zero-bias response is still dominated by geminate recombination.
For the magnitudes of the simulated results shown in Figure 8 to correspond roughly to the data shown in Figure Z a hole-trap concentration of 3.44 x 1012 cm-2 was assumed. The neutral hole-trap concentration is larger than that used for the control oxide simulation shown in Figure 7 . It may be inferred from this result that nitridation creates not only electron traps but also hole traps as well.
Figures 9 and 10 show simulations for samples nitrided at 1150C for 150 and 300 sec, respectively. In the case of the simulation of the data for the samples nitrided for 150 sec, the concentration of both the neutral electron and neutral hole traps must be increased for the Shown in the third column of Table 1 are the products of the magnitude and position of the neutral hole-trap and neutral electron-trap distributions. This quantity corresponds to the average first moment of the delta-function distribution. As expected from the results in columns 1 and 2, this quantity, for both hole and electron traps, increases with nitridation time also. The last row of Tble I shows the simulation results for a reoxidized, nitrided oxide sample. Both the neutral hole-trap and neutral electron-trap concentrations are reduced relative to any of the nitrided samples, and the values of XHO and XEO are the same as the values for the samples nitrided for 60 and 150 sec.
Although only a semiquantitative correspondence is possible between the simulated results and the data, we can explain the qualitative aspects of the experimental results in terms of only NHO, NEO, XHO, and XEO. For a meaningful quantitative comparison to be made between the theory and the experimental results, the details of the neutral hole-trap and neutral electron-trap distributions must be known. 
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V. SUMMARY
We have reported the results of total-dose testing of thin nitrided oxides that have been nitridized at temperatures of 950, 1050, 1100, and 1150"C for nitridation times of 45 to 300 sec. The radiation response of these nitrided oxides was compared to that of an unnitridized, radiation hard, control oxide. Various nitridized oxides were reoidized for 30 sec at 1150"C and total-dose irradiated. These results were compared to those of the nonirradiated control and nitrided oxides.
The data show that nitrided oxides nitridized at 9500C, whether reoxidized or not, accumulated substantially more fixed charge than either the control oxides or any of the other nitridized oxides. Samples nitrided at 1100 or 1150"C, reoxidized or not, exhibited a radiation response similar to that of the control oxides. On average, the reoxidation of oxides nitrided at 10500C accumulated less fixed charge than did the controls.
To aid in the analysis of these results, the radiation-induced charge-trapping model of Krantz et al.
[8] was extended to include electron trapping and applied to the experimental data, using delta-function neutral trap distributions, to simulate the results. Parameters derived from the simulation were used to interpret, qualitatively, trends in the data in terms of electron-trap and hole-trap distributions.
The simulation results indicate that (1) the nitridation of oxides creates hole traps as well as electron traps, (2) the location of hole and electron traps depends on nitridation time, and (3) the concentration (and location) of hole and electron traps depends on whether or not nitridized oxides are reoxidized.
TECHNOLOGY OPERATIONS
The Aerospace Corporation functions as an "architect-engineer" for national security programs, specializing in advanced military space systems. The Corporation's Technology Operations supports the effective and timely development and operation of national security systems through scientific research and the application of advanced technology. Vital to the success of the Corporation is the technical staff's wide-ranging expertise and its ability to stay abreast of new technological developments and program support issues associated with rapidly evolving space systems. Contributing capabilities are provided by these individual Technology Centers:
Electronics Technology Center:. Microelectronics, solid-state device physics, VLSI reliability, compound semiconductors, radiation hardening, data storage technologies, infrared detector devices and testing; electro-optics, quantum electronics, solid-state lasers, optical propagation and communications; cw and pulsed chemical laser development, optical resonators, beam control, atmospheric propagation, and laser effects and countermeasures; atomic frequency standards, applied laser spectroscopy, laser chemistry, laser optoelectronics, phase conjugation and coherent imaging, solar cell physics, battery electrochemistry, battery testing and evaluation.
Mechanics and Materials Technology Center: Evaluation and characterization of new materials: metals, alloys, ceramics, polymers and their composites, and new forms of carbon; development and analysis of thin films and deposition techniques; nondestructive evaluation, component failure analysis and reliability; fracture mechanics and stress corrosion; development and evaluation of hardened components; analysis and evaluation of materials at cryogenic and elevated temperatures; launch vehicle and reentry fluid mechanics, heat transfer and flight dynamics; chemical and electric propulsion; spacecraft structural mechanics, spacecraft survivability and vulnerability assessment; contamination, thermal and structural control; high temperature thermomechanics, gas kinetics and radiation; lubrication and surface phenomena.
Space and Environment Technology Center:. Magnetospheric, auroral and cosmic ray physics, wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric physics, density and composition of the upper atmosphere, remote sensing using atmospheric radiation; solar physics, infrared astronomy, infrared signature analysis; effects of solar activity, magnetic storms and nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere; effects of electromagnetic and particulate radiations on space systems; space instrumentation; propellant chemistry, chemical dynamics, environmental chemistry, trace detection; atmospheric chemical reactions, atmospheric optics, light scattering, state-specific chemical reactions and radiative signatures of missile plumes, and sensor out-of-field-of-view rejection.
